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ABSTRACT 

The p53 tumor suppressor controls a cell cycle arrest and apoptosis 
pathway that is central to tumor suppression and often disrupted In 
cancer. The accumulation and activity of p53 are positively controlled by 
the pi 4 ADP pHARF ribosylatlon factor (AR) tumor suppressor, and full 
restoration of the pathway in cancer cells may require that both p53 and 
pt4ARF be supplied. To address this issue, we have constructed a bicis- 
tronic adenoviral vector encoding the two proteins (Adpl4/p53) and com- 
pared its tumor suppressor activity with that of a single gene vector for 
p53 (Adp53). We fmd that tumor cells treated with Adpl4/p53 undergo a 
much sharper decrease in viability with increasing multiplicities of infec- 
tion than do cells treated with AdpS3, even when cells express endogenous 
pl4ARF. Adpi4/p53 is also more effective than is a combination of single 
gene vectors for pl4 and p53. The sharper decrease in cell viability after 
treatment of cells with Adpl4/pS3 correlates with an increased rate of p53 
protein synthesis and a decreased rate of p53 protein turnover, leading to 
increased steady-state levels of p53 protein and increased levels of p53 
downstream targets mdm2, pZlwaH, and bax, Adpi4/p53 trtatment leads 
to an elevated bax:bcl2 ratio and induction of apoptosis in vitro and in 
vivo, coupled with a failure of the tumor cells to induce neovascularization 
in vivo. The results indicate that endogenous pUARF expression may be 
insufficient to ensure efflcjent accumulation of ectopic pS3 after gene 
transfer and demonstrate that for tumor suppression, bicistronic coex- 
pression of pl4ARF and p53 is superior to p53 alone: ThMtesultsiShow 
that in this setting, pHARF promotes p53 accumulation by Increasing p53 
protein synthesis, in addition to its well-cbaracterized ability to oppose 
mdm2>mediated degradation of p53. 



INTRODUCTION 

"Fhe p53 tumor suppressor controls a key cell cycle an'esl and 
apoptQsis pathway that is central to tumor suppression. The pathway 
is triggered through stabilization of the p53 protein and activation of 
its transcriptional n*ansactivaiion properties in response to a variety of 

cellular abnormaiities commonly found in cancer, including oncogene 
expression and DNA damage. One of the transcriptional targets of p53 
is mdm2, a p53-binding protein and important negative regulator of 
p53 (1). Binding of mdm2 to p53 is disrupted after DNA damage (2), 
and this disables negative regulation of p53 by mdm2 and promotes 
the accumulation of p53 protein. Recently, rndm2 has been found to 
play a dual role in the regulation of p53, promoting increased trans- 
laiion of p53, as well as degradation of p53 protein (3). An iinpottant 
positive regulator of p53 is pHARF, an mdm2-binding protein that 
opposes the activity^ of mdm2 and is induced in response to oncogenes 
(4, 5), p53, in turn, suppresses the pMARF promoter (6). Together, 
p53, mdiii2, and pl4A.RF act in a regulator)' feedback loop that 
maintains low- level expression of p53 under normal conditions, while 
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enabling a rapid accumulation of p53 in response to DNA damage or 

oncogene activation. 

Abrogation of the p53 pathway is probably common to most 
cancers and luay therefore be an essential step in tumor development, 
with loss or mutation of the p53 gene occurring in some 50™ 60% of 
cancers overall (7, ^).pMARFgcne loss has often been found to occur 
in a reciprocal manner to p53 loss and may account for most cancers 
that retain wild-type /x5J (9, 10). Overexpression of mdm2 occurs in 
a variety of cancers with less frequency and may account for some 
10% of cancers overall (11). Ectopic overexpression of wild-type p53 
restores the pathway, in whole or in part, and is highly suppressive of 
growth and viability of a wide variety of tumor cell types but is 
minimally suppressive of normal cells (12, 13). For this reason, the 
p53 pathway has attracted attention not only for its importance to 
cancer cell biology but also for its potential for cancer treatment (14), 

The fact that p53 is regulated by activation signals, such as DNA 
damage, and regulatory proteins, such as pl4ARF and mdm2, may 
explain why permanent cell cycle arrest or apoptosis is not always 
achieved in tumor cells by ectopic overexpression of p53 alone. In 
some cases, a greater apoplotie response has been achieved if ectopic 
expression of p53 is combined with a treatment that promotes DNA 
damage, such as cisplatin (13, 15), UV or ionizing radiaiion (16), or 
inhibition of DNA repair (12, 17), Clinically, this obscrvLUion has 
translated into combination therapies involving a p53 adenovirus 
together with a DNA«damaging therapy, such as cisplatin or radiation, 
and improved antitumor responses have been observed coitipared with 
single agent treatments (14). 

The activity of ectopically expressed p53 is also subject to attenu- 
ation by the p53/mdm2/pl4ARF-'^ feedback loop, which provides a 
mecham'sm whereby p53 down -regulates its own expression through 
induction of mdm2. Certain cancer-associated abnormalities, such as 
overexpression of mdm2 or loss of pl4ARF, would tend to exacerbate 
this effect, creating an even greater obstacle to high-level accumula- 
tion of p53 after p53 gene transfer. Full restoiiUion of the p53 pathway 
is therefore likely to require additional steps to modulate the feedback 
loop or activate p53. 

To examine how coexpression of pl4ARF and p53 afl^cts p53- 
mediated tumor suppression, we have used a bicistronic adenoviral 
vector thai provides high-level ectopic expression of both proteins. 
We fmd that bicistronic coexpression of pHARF and p53 greatly 
enhances the synthesis and accumulation of p53 protein and leads to 
a dramatic enhanceinent in tumor suppression relative to p53 alone. 
The results have bearing on the regulation of p53 by pI4ARF, as well, 
as on the eventual clinical application of p53 gene transfer for the 
treatment of cancer. 



MATERIALS AND METHODS 

Cell Lines. OLD- 1 human colon cancer cells were obtained from the 
American Type Culture Collection (Rockville, MD). Murine N202 cells, which 
overexptess the rat neu proro-oncogene driven by the mouse mammary tumor 
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virus promoter/enhancer (18), were kindly provided by Dr. Joseph Lustgarten 
(Sidney Kimme] Cancer Center). Cell lines were maintained at 3TC in 10% 
CO, m DMEM supplemented with nonessential amino adds, pyruvate, l- 
gluiamine, gentamicin. and 10% heat-inactivated fetal bovine semm (a!! ob- 
tamed from Irvine Scientific, Santa Ana, CA). 

Adenovirai Vectors. A replication defective adenoviral vector, deleted in 
El A. EIB. and E3, was consiructed in which the viral EI A and EIB geoes 
were replaced with a bicisironic cassette encoding p/-//!/?/^ and/>iJ under the 
control of the CMV promoter, usmg the AdEasy vector system (Quantum 
BKHechnologies), Ibllawmg the manufacturer's protocol The bicistromc cas- 
sette was obtained from the pfRES vector of Clontech, Inc. (Carlsbad, CA). 
The coding sequence was placed downstream of the internal ribosome 
entry site. An Adenoviral vector encoding pl4ARF was prepared similarly 
except that the coding sequence for pI4ARF was directly insetted into the 
multicloning site of pSHUTTLE-CMV. Viral packaging and expansion were 
accomplished by transfection of himmn kidney 293 cells (OBI-293A cells: 
Quantum Biotechnologies). Virus was purified from cell lysates using a 
ViraPur column (ViraPur. LLC, Carlsbad, CA, now marketed through' BD 
Biosciences Clontech, Palo Alto, CA), Viral titers (pfu/ml) were determined by 
the iissue culture infectious pose 50 assay described in the Quantum Biotech- 
nologies AdEasy applications manual and were in the range of 10*^-10^-* 
pfij/ml. Replication-defective adenoviral vectors encoding human wild-type 
p53 (INGNlOi, Ad5CMV-p53), bacterial jS-galactosidase, and firefly lucifer- 
ase were provided by Introgen Therapeutics, Inc. (Houston, TX). These are 
referred to here as Adp53, Ad^-gal, and AdLuc, respectively. The p53 and 
ji'ga/actos'iJase gems are expressed from the CMV promoter. The Inciferase 
gene is expressed from the Rous Sarcoma Virus promoter. Viral titers are as 
follows: (a) Adp53: 3.6 X 10'** pat/ml; (h) Ad)3-gal: 2.4 X 10*'' pfu/ml: and 
(c ) AdLuc: : - ]{) • piLi'ml, 

Growth iind Viability Assays. Cells at 60-70% conftuency in 24-wc!l 
plates wcfL- ucakd with adenoviral veciors in medium containing 2% fetal 
bovmc seium at vanoas m o i fvn 4 h and then replated in triplicate in 96-well 
plate.-, at 2000 cells/well m complete medium. Under these conditions, control 
(unireaied) wells remained subconfluent and in exponential phase growth for 
the duration of the assay. After 72 h, viability was determined by the biocon- 
version of (3-(4,5'-dimethyIthiazol-2-yl)-5-(3-carboxymethoxylpheny|.2-(4- 
su}fophenyl)-2H-tetra2olium(3-(4.5'-dimethylthia2ol-2-yl)-5-(3-carboxymeth- 
oxylphenyl-2*(4-sulfophenyl)>2H-tctrazolium inner salt; Promega Corp., 
Madison, Wl) to a colored product, measured by absorbance at 490 nm as 
described previously (19), Viability was e:5Cpressed as a percentage of un- 
infected cell viability. 

RT-PCR. Gene expression analyses were carried out 24- or 48 -h postvec- 
lor ireacment. Total cellular RNA was prepared from -10^' cells using the 
RNeasy mmi kit from Qiagen> Inc. (Valencia, CA), reverse transcribed into 
cDNA, and amplified by PCR (under linear conditions) as desqfiied, previously 
(19). Control cDN.A reactions lacking reverse transcriptase produced no band 
on PCR amplification, indicating 4he absence of genomic DNA sequences. 
Primers were chosen so as to amplify a 200-300 base fragment of the gene and 
synthesized by Sigma Genosys. PCR products were analyzed by agarose gel 
electrophoresis, and bands were quantitated using Kodak digital camera and 
analysis software. 

Western Analysis. A cell lysate (10-30 ptg) was analyzed by Western 
analysts as described previously (20), Mouse monoclonal panspecifc antihu- 
man p53 (Clone DO-L Ab-6} and mutant-specific anti-p53 (Clone PAb 240, 
Ab-B) were purchased from Oncogene Research Products (Cambridge, MA) 
and used ai; 1:500. Rabbit polyclonal anti-pH^^*' (fidl-length protein) was 
purchased from Zymed Laboratories, Inc. (South San Francisco, CA) and used 
at i:500. Mouse monocional anti-mdm2 (human) SMPI4 (used at 1100). 
rabbit poiyclonal anti-bax (used at 1:200), rabbit polyclonal ant:-tx, > used at 
WU'iO). mouse nwnoclonal anti-actin {used at l:50O), and horse i.ahsh jjeius- 
idasc ciCqagaied anifrabbit and antimouse secondary ar/obuJ.e^ fa ed a; 
\\\{)^ihf u jre 1 u^Msjd .r. i:. S,, <,,3 BiOtcehno .rg.es. hu 'Saaia ( n./, 

C\A) Ant^ou.K jeuur.t rauUs were re\edlcd ujiug the FC L • l'i..> \\e^{en, 
^Ujtung deieeii<.,i sy^rem ( Amcrsham Life Sciences, Ltiilc Chalfont, Biickmg^ 
ham^h-r^-' h -t j\ind. Lnited kingdom}. For quantitation of bands, we used 
Kodak I ... V amcra and analysis .software, 

Hadiuacti\c Puhc, Pulse Chase, and Immunopredpitadon. Cells were 
grown m .1,5-cm culture dishes, treated with the indicated vector doses (as 
deserrhcd above;, and labeled 24-h postvcctor treatment in methionine/cys- 



teine-free medium (ICN) supplemented with 10% dialyzed PBS and 100 /xCi 
^^S-methionine (ICN; 10 mCi/mmol) for I h. Labeling medium was then 
removed, and cells were washed with complete growth med:um L elN ueie 
harvested at the indicated times, lysed in 400 ^1 of buYer, a ad suh,euted .o 
linnKuu'.pijt .fM:a;K .i as uv.M!,.icd p}e^ie.;.^Iv {2" d>nv^ ,o ^. of paa -.Npei.:, i. 
ani;ljunjan p53 [mouse nu.n.,e.unal. Ab-( it .one Di)-] k see abuv p-.us Hi p] 
v'f proie.n G -agarose (Santa Cm/. Bioiechnoiogie.v. lac . j\er.i>gli. 4 C 'with 
rotation. Immunoprec-pitates (20 fAg of equixalents of ongmai cell I>saie.s) 
ucri. anal>7ed fay SDS~PAGF followed by fluorography (21 ) To elear endog- 
enous mutant p53 from DLD-1 cell lysates, samples were subjected to two 
serial pretreatiTients for 2 h each with rotation, at 4°C with 10 of mutant- 
specific anti-p53 [mouse monoclonal Ab-3 (Clone PAb 240) see above] plus 
30 of protein G-agarose, before treating lysates with panspecifc antihuman 
p53 (DO-I). Bands corresponding lo p53 were quantitated using Kodak digital 
camera and analysis software, and protein half-life was calculated based on the 
formula n, = n,,2'\ where n,. and are the band intensities at time 0 and time 
t after the pulse, and r is the rate of dceay. 

Animal Chamber Model. Dorsal .skinfold chambers in female nude mice 
(20-25 grams of body weight) were prepared according to a method described 
previously (22), Intravital microscopy was perfoiTned using a Mikron fluores- 
cence microscope (Mikron Instruments, San Diego, CA; Ref. 23). For the 
visualization of nuclear events, cells w^ere transduced with retroviral vectors 
encoding a histone H2B-GFP fusion gene (construct kindly provided by Drs. 
Teru Kanda and Geoffrey Wahl; Salk Institute, La Jolla, CA). To prepare 
spheroids, N202«H2B~GFP cells were plated in 24-well plates and treated with 
20 pfu/cell AdLuc (control), Adp53, or Adpl4/p53 for 4 h as described in the 
growth and viability assays. Immediately after vector treatment, tumor cell 
spheroids were prepared as described previously (19). Later {36 h), spheroids 
were removed trom 96~well plates and implanted into ilie dors-:i) skin fold 
chamber of nude mice as described previously (23). Cell vi;ibilitY ^^as visu- 
alized by the intrinsic Huorescence of H2B»GFP, Visualixalion ul' mitotic 
activity and nuclear fragmentation and condensation characteristic of apoptotic 
cells were carried out under X40 and X63 objectives. Autofluorescence was 
minimized by using a narrow band filter set 3 1026 (Chroma, Brattleboro, VT). 
Where visualization of vasculature was needed, the images (X 4) were obtained 
using a BGI2 filter for RBC enhancement and Retinex Image Enhancement, a 
method of improving the dynamic range compression, color constancy, and 
color retention for a digital image (PhotoFiair; True View Imagmg Co., 
Hampton, VA). Tumor growth based on the total intensity, fj-, of GFP fluo- 
rescence, was determined using the formula: 

It = X kN, 

k - 75 

where N,, is the number of pixels with photo intensity k (within the gray level 
range of 75 -255). The phuio mtensity, k, is again introduced as a correction 
factor to account for the fact that cell density increases with increasing photo 
density and that pixels with greater photo density should be weighted more 
heavily. A standard curve relating 1 to number of tumor cells was constructed 
by implanting spheroids containing known numbers of H2B>GFP-.expressing 
N202 cells into chambers, deten-nining Ix, and applying a quadratic curve 
fitting algorithm. 

Trypan Blue Exclusion Assay of Membrane Permeability. Duplicate 

wells of cells in 24-weli plates were treated with vector as described above and 
assayed 48-h postvector treatment for Trypan Blue uptake as described pre- 
viously (19), 

Cell Cycle and Vp(»pl()Nis Viuhsis. (. eli eycte and ape^ptosis 
'v\ere performed on propidiuu-. uoiJc -..iii.eu teiis as described previously (13) 
.js..ig a FACScan Flow cyt ■.:;eie;- beckm Dickinson, Franklin Lakes, Ni). 
D.NA histograms were analyzed with the ModFit program using doublet 
discrimination. Each analysis was performed in duplicate. 

RESULTS 

Ad|}14/p53 induces Greater Accumulation of p53 Protein than 
Does Adp53, We examined expression of the p53 and p!4ARF genes 
in human DLD-I colon cancer cells (endogenous mutant p53) and 
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{. scrniquantilaiive RT~PCR analysis of vector- induced expression of human pl4ARF and p53 RNA 24 h after ireatmeiit of N202 and DLD-f cells with 20 pfu/ceH AdLuc, 
Adpl4/p53 for 4 h. Bars represent averages of triplicate samples with SD shown. B, Western analysis orp53 and pUARF proiein expression 48 h after the same trcatmenis 

' ' ion. m the ease of p53. an additional sample treated wiih 200 pfu/cell Adp53 (j)53 hi) k included. Endogenou.s p53 protein vvas mimunodepieted from DLD^i cell iysaics 
. Each lane represents 10 pig of protein for the p53 analysis and 30 /Lig of protein for the pl4ARF analysis. C '■'S-nielhionnie pulse chase experiment followed 



by imtnunopreetpitation of p53 carried out on ceils 24 h after vector treatmeni as in A, Endogenous mutant p53 in Dl.D-1 cells was precleared hetbre immunoprecipiianon of ceioptc 
wild-iypc p53. Each laJie represents the equivalent of 20 ug of initial lysaie protein. Nunnhens above the lanes represent p53 hand intensities relative to itnie 0, determined nv digital 
analysis, Numbers below lanes indicate length of chase lime (in h) after the l-h pulse. Control lane (c) represents uninfected cells. D, immunoprccipilatcd p53 immediately after a 1-h 
"'S-meihiomne pulse of cells treated with vector as in A. Each lane represents the equivalent of 20 ;ig of initial lysate proiein. Numbers above kmes represent band intensities relative 
to p53 lane. £. immunoprecipiiatcd p53 immediately after a l-h -'"S-methionine pulse of cells treated with vector as in A. For combination treatments, cells received 20 pfu/cell 
Adp53 - 20 pfu/celi Adpt4 or 100 plu/cell Adj3-gal + 20 pfu/cell Adp.l4. Each lane represents the equivalent of 20 jug of initial lysate proiein. Numbers above lanes represent band 
inicnsiiics relative to p?3 lane, F, prcclearing results showing two sertaftfiiEliiunoprccipitations ofendogenous p53 (using mulant-specillc pAb240) from AdLuc-lreated cells immediately 
iiiter the l-h '"S-meihion»ne pulse. 



murine N202 cells (endogenous wild-type p53)'* after treatment with 

20 ptii/cell AdLuc (control), Adp53, or bicistronic Adp[4/p53. Both 
cell lines express endogenous pl4ARF based on RT-PCR analysis.'* 
The p53 pathway is highly conserved in humans and rodents, pennit- 
ting human p53 to replace rodent p53 as a tumor suppressor in rodent 
systems (24). Furthermore, although human and mouse p53 share 
extensive honiology, they can be distinguished immunologically us- 
ing the DO-} human-specific antibody. In the case of DLD-1 cells, 
endogenous mutant p53, which accounted for some 10-20% of total 
p53 after the treatment of cells with 20 pfu/cell Adpl4/p53 or Adp53, 
respectively (based on a radioactive pulse experiment; data not 
.sh'.Asii), was precleared from cell lysates as described (see "Materials 
and Melhods"). More than 90% ofendogenous mutant p53 could be 
cleared through two serial preclearings (Fig. IF), 

Semiquantitative RT-PCR analysis of pI4ARF and p53 gene ex- 
pression in N202 and DLD-I cells 24 h after treatment with 20 
piu/cell AdLuc (controf), Adpl4/p53, or Adp53 demonstrated that 
Adpi4/p53 induced equivalent iev^els of pMARF md p53 at the level 
of message and that .Adpl4/p53 and Adp53 induced equivalent 
levels of pi J message (Fig. \A). Under the conditions used to measure 
levels of ectopic message, endogenous message was barely detectable, 
and levels in unfrcaicd ceils (data not shown) were similar to levels 
aflcr irearnicni v^nh .AdLuc. Expression of pHARF and p53 protein 
was analy/cU bv Wcsieni analysis 48 h following the same vector 
(reaiments (Fig. IB), In addition, a sample treated with 200 pfu/cell 
Adp53 was included for p53 analysis (p53 hi). Endogenous p!4ARF 
protein was undetectable in both cell hues lindei our W estcrn analxsis 
conditions, but ectopic pl4ARF was ciCitnv iiiauccu a;.er ircaiment 
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with Adpl4/p53. Endogenous p53 was also undetectable under our 

Western conditions, even in DLD-I cells before preclearing (data not 
shown). In the case of ectopic p53, a digital analysis of p53 bands in 
a darker exposure revealed a 16- and 13-fold diff^ence in p53 band 
intensities between Adpl4/p53- and Adp53-treated samples in DLD-1 
and N202 cells, respectively. Furthermore, p53 band intensities in 
samples from Adpl4/p53-treated cells (20 pfu'cell) were some 2-fold 
stronger than in samples from p53 hi-treated cells (200 pfu. celFL 
consistent with the greater biological effect of Adp 1 4-p53 i see below). 
Because the Adpl4/p53 and Adp53 vectors produced similar levels of 
p53 message when each was administered at 20 pfu/cell (Fig. 1/1), the 
results suggest the involvement of post-transcriptional or post-trans- 
lational controls over protein accumidation. 

Because pl4ARF is knowm to oppose mdm2-mediated ubiquitina- 
tion and degradation of p53, we examined p53 protein halLlife after 
treatment with Adp}4/p53 or Adp53. The stabihty of the p53 protein 
was evaluated by canying out a pulse chase experiment with "^"^S- 
methionine 24 h after treatment of DLD-I cells with either Adp 14/p53 
(20 pfu/cell) or Adp53 (200 pfu/cell; Fig. IC), treatment conditions 
that achieve roughly equivalent steady-state levels of transduced p53 
for the two vectors. The results showed that, the intensity of labeling 
of ectopic p53 decreased more rapidly during the chase period in cells 
treated with Adp53 than it did in cells treated with Adpl4/p53 (Fig. 
IQ. The fractional remaining radioactivity in p53 relative to time 0, 
as determined by Kodak digital analysis of band intensities, is indi- 
cated above each lane in Fig. IC and was used to calculate p53 
half-life. The calculated half-life of ectopic wild4ype p53 protein in 
vector-treated cells was 4.1 ± 2.2 h for Adp53-ireaced cells and 
10.5 ± 1.7 h for Adp 1 4/p53 -treated cells. An independent repeat 
experiment produced similar results. 
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Not only did p53 protein half-lives differ after treatment with 
Adp53 or Adpl4/p53, but synthesis rates difTered as well At equal 
m.o.i. for ihe iwo vectors (20 pfu/cel!), where message levels for p53 
were similar (Fig. 1.4), Adpl4/p53 treatment resulted in sonae 2-fbld 
higher leveis of incorporation of '"S-methionine into p53 protein atler 
a 1-h pulse (Fig. ID), This observation was repeated in a second 
independent experiment Differences in p53 half-life would contribute 
negligibly to differences in band intensities in this timeframe and 
could not account for the differences obser\^ed. An effect of pl4ARF 
on p53 protein synthesis rates was also seen in cells treated with a 
combination of single gene vectors, Adp53 and Adpl4, each at 20 
pfu/cell (Fig. Furthermore, although incorporation of '^^S-methi- 
onine into p53 increased in cells treated with Adpl4/p53 or 
Adpl4 -f Adp53, overall incorporation into total cellular protein 
decreased by 20 and 7%, respectively, relative to cells treated with 
AdLuc or Adp53 (data not shown). Finally, when cells were treated 
wiih a combination of Adpl4 (20 pfli/cell) together with :Adf^-gaI ( 100 
pixi/cell), a vector similar to Adp53 in which the bacterial ^-galacto- 
sidase gene replaces p53, we observed no effect of pl4ARF expres- 
sion on incorporation of '^^S-methi onine into |3-galactosidase (Fig. 
1£'). Taken together, these results indicate that obserx^ed effects of 
pl4ARF on p53 synthesis are vector independent and p53 specific. 

Adpl4/p53 Displays Enhanced Tumor Suppressor Activity in 
Vitro Relative to Adp53, We examined the in vitro tumor suppressor 
activity of Adpl4/p53 relative to Adp53 in DLD-1 and N202 cells 
using 72-h viability assays as described in "Materials and Methods/' 
In both DLD-1 and N202 cells, Adpl4 p53 was far more suppressive 
of growth than was Adp53, achieving complete suppression at m.o.i. 
of 20 and 50 pfu/cell, respectively, some 20-fold less than doses 
needed of Adp53 to achieve similar ejects (Fig. 2, A and B). Adpl4/ 
p53 was also more effective than was a combination of single gene 
vectors for p53 and pl4ARF (Fig, 2Q, suggesting that the bicistronic 
vector was far more efficient at achieving uniform coexpression of the 
two genes throughout the cell population. 

Suppression of growth after treatment with Adpl4/p53 cotTclated 
with increased cell death, as detennined by a Trypan Blue exclusion 
assay of cellular membrane permeability. Fig, ID plots the results of 
Ti7pan Blue staining carried out 48 and 72 h after treatment of DLD-1 
or N202 cells with AdLuc, Adp53, or Adpl4/p53 at 20 pfu/celi, as 
well as Adp53 at 200 pfu'^cell. All cells, including adherent and 
lloating cells, were scored, and bars represent the average of duplicate 
treatments. In the case of Adpl4/p53, cell death (TrypariiJue-positive 
cells) reached a high level by 72-h post- treatment and accounted for 
some 95 t 1% (DLD-1) and 84.5 ± 1% (N202) of the cells, consist- 
ent with the marked reduction in cell viability relative to control 
observed at 72 h (Fig. 2, A and B). In the case of Adp53 at 20 pfu/cell, 
cell death relative to control (AdLuc) remained low even at 72-h 
post-treatment and accounted for some 2 ± 1% (DLD-1) and 
25 t... 3% (N202), consistent with the minimal reduction in cell 
viability relative to control observed at 72 h after this treatment (Fig. 
2, A and B). Background levels of cell death were undetectable for 
and 8 r 4% for N202. At a treatment dose of 200 pfu/cell 
Adp53 higher levels of Ttypan Blue staining were observed and 
accounted for some 42 ± 14% (DLD-l) and 39 r 5% (N202) of the 
treafed cells. Because overall suppression of viability relative to 
control was observed to be >60% at this treatment dose (Fig. 2, A and 
B). cell cycle arrest without cell death may also contribute to the 
suppression of viability by high-dose Adp53 in this setting. 

Cell cycle changes and apoptosis were evaluated by FACS analysis 
of propulium iodide- stained cells 48 h after treatment with 20 pfo/cell 
the various vectors (Fig, IE), We found that Adp53 treatment of 
DLD~1 and N202 cells at this dose had little effect on the overall cell 
cycle distribulion compared with AdLuc. However, for both cell lines. 




Fig. 2. Percentage of viabiliiy measured in 96-well viability assays using (3-(4,5'- 
dimethylthiazol-2-yl)~5"(3-carboxynietlu>xylphcnyl-2-(4-sulfophenyr)-2H-tetra 
(4J'-dimeihy!ihtazoi-2~y|)-5-(3-cmto^\ymcihoxyiphenyl~2<4-sulfopheny at 
72 h after treatment with the indicated doses of AdLuc. Adp53, or Adpl4/p33 for DLD-1 
(A) and N202 (B) ceils. Each data point represents the average of triplicate samples, with 
SD shown (for some points, SR are less rhan the size of symbol). Data are normalized to 
viabiiity measured in coniroi, unireated wetLs. C similar assay carried out on DLD-l cells 
treated singly with cither Adp53 or AdpM at the indicated doses, or vviih a combmaiion 
of the two vectors, each at the indicated do>e. D, Trypan Blue exclusion assay of DlJ3-i 
and N202 cells 48 and 72 h after treatment with AdLuc, Adp53, or Adpl4/p53 ai 20 
pfu/cell or Adp53 at 200 ptWccH. Data points represent the average of duplicate wells. 
£■, FACS analysis of prop idi urn iodide-stained cells harvested 48 h after treatment with 
20 pfu/cell AdLuc, Adp53, or AdpI4/p53. 



treatment with Adpl4/p53 resulted in the accumulation of cells in a 
subdiploid peak characteristic of cells undergoing apoptosis (Fig. 2E, 
arro ws in bo it am panels) . Th e subdiploid fr ac ti on o f c e 1 Is acc o un ted 
for some 42 and 25% of the cell population in DLD-1 and N202 cells, 
respectively. A second independent analysis gave similar results. 

Adpl4/p53 Induces Widespread Apoptosis in Vivo. We used 
murine N202 cells grown in dorsal skin fold chambers in nude mice 
to visualize the in vivo behavior of cells treated with Adpl4/p53, 
Adp53, or AdLuc (control). Cells were modified with an H2B-GFP 
fusion protein to facilitate visualization of nuclear changes character- 
istic of apoptotic or mitotic cells. Unlike human DLD-1 cells and most 
human tumor lines examined in dorsal skin fold chambers, murine 
tumor cell lines, such as N202, grow as nonencapsulated tumors more 
representative of a spontaneous tumor in full contact with its envi- 
ronment/ and were therefore used for this study. Cells were treated 



^G. I, Frost, B. D«douct, J, Lustgsrten. and P. Bogstrom. The rofes of cpiiheliai- 
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with 20 pfu/cell Adp53 or Adpl4/p53 followed by preparation of 
spheroids and implantation inio chanibers 36 h later. Nuclear mor- 
phology (Fig. M) and neovascularizaiion (Fig. 3B) were examined on 
days K 3. 5, and 8 postimplantation. In Fig. 3.4, large panels at x20 
magnification show representative fields within each chamber, with 



apoptotic cells (Ap), mitotic cells (Mi), and blood vessels (V) indi- 
cated. Insets show/ representative apoptotic cells (Ap) or mitotic 
figures (Mi) at X63 magnification. On day 1 postimplaiitaiioii, all 
three spheroid types displayed dying cells with brightly fluorescent 
condensed or fragmented nuclei characteristic of apoptosis, and over- 
all cell density was low (Fig. 3 A, first cohmm) as is common after the 
stress of implantation/* By day 3, control chambers (AdLuc) showed 
more diffuse staining indicative of an increased cell mass, and mitotic 
cells (Mi) were evident (Fig. 3>A, top row). In contrast, there were still 
numerous apoptotic cells (Ap) in the chambers containing Adp53- 
treated cells and more in chambers containing AdpI4/p53-treated 
cells (Fig. 3^, middle and bottom rows, respectively). By day 5, 
control chambers showed additional increases in cell growth (Fig. 
3Q, and neovasculature (V) became evident (Fig. 3.4. top row), 
Neovasculature was also evident at day 5 in control chambers at X4 
using transillumination (Fig, 3i?, top row) and appeared as a growing 
network of fine capillaries. Chambers containing Adp53'treated cells 
began to show increased cell density with t^ewer apoptotic cells by day 
5 (Fig, 3.4, middle nw), but there was less neovascularization than in 
control chambers (Fig. 3jS, middle raw). Chambers containing Adpl4/ 
p53-treated cells showed few cells remaining by day 5 (Fig. 3.4, 
bottom raw). By day 8, control chambers showed well-established 
tumors with extensive neovascularization (Figs. 3, A. and top row). 
Chambers containing Adp5 3 -treated cells also showed established 
tumors, and a capillary network indicative of neovascularization had 
now become evident (Fig. 3, A and B, middle raw). In contrast, 
chambers containing Adpl4/p53-treated cells were largely devoid of 
cells, with those remaining appearing to be apoptotic (Fig. jA, bottom 
row). No neovascularization was evident in these chambers (Fig. 
bottom row). Fig. 3C plots the overall tumor growth based on total 
GFP fluorescence intensity within the chamber, calculated as de- 
scribed in "Materials and Methods.'' Points represent the averages of 
four animals, with SD shown. 

Adpl4/p53 Is More Efficient than Adp53 at Inducing p53 Tar- 
get Gene Expression. We used RT-PCR and Western analysis, re- 
spectively, to analyze message and protein expression for mdm2, the 
cell cycle inhibitor p21wafU and the pro-apoptotic gene box, all of 
which have p53-responsive promoters (Fig. 4). We also measured 
levels of the antiapoptotic bcl2 protein and calculated the ratio of bax 
to bcl2, which increases in apoptotic cells. Cells were treated with 20 
pUi/cell Adp53 or Adpl4/p53 to therefore induce equivalent levels of 
p53 message (Fig. L4). Consistent with the higher levels of induced 
p53 protein achieved with Adpl4/p53 under these conditions (Fig. 
IB), we observed enhanced transcription of mdm2, p2!wafl, and bax 
in both DLD-1 and N202 ceils by RT-PCR analysis after treatment 
with Adpl4/p53 but little or no detectable enhancement of transcrip- 
tion of these genes after similar treatment with Adp53 (Fig. 4/1). Bars 
represent averages and SD of triplicate samples after correction for an 
internal control gene, glyceraldehyde-3-phosphate dehydrogenase (for 
N202) or actin (DLD-l), and after normalizing to expression levels in 
AdLuc-treated cells. As shown by the Western blot in Fig. 4B, levels 
of the mdm2, p21wafl, and bax gene products also increased after 
treatment wnth Adp i4/p53, whereas similar ,Adp53 treatment resulted 
in little or no change in expression of these gene products. Addition- 
ally shown HI Fi|i. 4/? are protein levels ibr bci2. Digital quantitation 
of band intensities (or bax and bcf2 gave relative bax:bcl2 ratios for 
AdLuc-, Adp53-, and Adpl4/p5 3- treated cells, respectively, of 1, L4, 
5,8 (N202), and L 0.8, 3.6 (DLD~1), The higher ratio observed for 
Adpl4/p53-treated cells is consistent with the increased apoptotic cell 
death associated with this treatment (Fig. IE), 
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Fig 4, A: semiquaniiian\c RT-PCR and agarei-.^ ucl clccirophorctifc analysis of gene 
vXprcj,s;K)n ol'p53 downsiream largct genes mJmJ. plhvafl. and hax 48 h after trealmcnl 
of N202 and DLD-l cells with 20 pai/ccii Acil.uc, Adp53, or Adpl4,p53 (4 h). For each 
gene, linear condilions were established by titrating increasing quantities of cDNA from 
vccior-ireaied DLD-I cells, PCR band iniensilies were quantitated by digital analysis, and 
bars represent average of triplicate samples, corrected for inlernal corttrols {actin (DID- 1) 
or g}yeeratdehyde-3-phosphate dehydrogenase (N202)] and nomialized to expression 
tevcis in AdLuc-treated ceils. B, Western analysis of the mdm2, p21wafK and bax gene 
products, evaluated 48 h after the same vector treatments as in A. Actin expression served 
as a control. Bxprcssion of bcl2 was also evaluated. Each hm represents 20 /xg of protein. 



DISCUSSION 

In this study, we demonstrate that treatment of tumor cells with a 
bicistronic adenoviral vector encoding the pl4ARF and p53 tumor 
suppressors ( Adpl4 p53) can result in complete suppression of tumor 
cell growth and viability under treatment conditions w^here a single 
gene vector for p53 (Adp53) orpHARF (Adpl4) achieves minimal 
reduction in growth and viability. The bicistronic vector is also more 
etTective than a combination of single gene vectors for pl4ARF and 
p53, possibiy because a bicistronic vector will ensure uptake of both 
genes m targeted cells and will avoid possible interference between 
two strong promoter activities. Treatment with Adpl4/p53 leads to the 
accumulation of some 13-1 6- fold higher levels of p53 protein by 48-h 
post-treatment than is achieved by similar treatment with Adp53 and 
is accompanied by mcreased RNA and protein expression of the p53 
downstream target genes p2I, mdmJ, and hax and by an elevated ratio 
of bax:bcl2 characteristic of cells undergoing apoptosis. Increased cell 
death after treatment of cells wiih ApI4/p53 is observed in vitro by 
Trypan Blue exclusion analysis. Increased upopiosis after treatment 
wiih Adpl;4/p53 is observed b-, \i S ceil c\c\c imalysis and in vivo 
by video microscopy of cells growing in dorsal skin fold chambers. 
AdpI4/p53 and Adp53 induce similar levels of p53 message under 
similar treatment conditions, indicating that post*transcriptional or 

365 



post-translational mechanisms are responsible for the differences in 
p53 protein accumulation by the two vectors. 

Post-translational control of p53 is known to play a key rale in 
regulating the accumulation and activity of the p53 pathway. A 
well-studied post-translational control mechanism involves a regula- 
tory feedback loop with mdm2, a ubiquitin ligase that targets the p53 
protein for degradation and is itself up-regulated by p53 through 
transcriptional transaciivation (25). Although the teedback loop is 
unlikely to act on endogenous mutant p53 (DLD-1), where a mutation 
in the DNA-binding domain (codon 241) changes the conformation of 
the protein, impairing mdm2 binding and disrupting transcriptional 
transactivation, the loop will tend to counter any increase in virally 
expressed wild-type p53 after gene transfer. Although the cell lines we 
have examined express endogenous pHARF, which should bind to 
and oppose the negative regulatory activity of mdtn2, endogenous 
levels of pl4ARF are low and appear to be insufficient to ensure 
maximal accumulation of p53. Simultaneous ectopic expression of 
pl4ARF and p53 may therefore be necessary to promote increased 
accumulation of wild-type p53 protein (Fig. 1, A and B), 

Consistent with a role for pl4ARF in stabilizing p53 through the 
mdm2/p53 feedback loop, the increased accumulation of p53 protein 
in cells treated with Adpl4/p53 could be accounted for, at least in 
part, by an increase in p53 protein half-life of some 2.5-foId, from 
some 4 h to >10 h. In addition to an enhanced stability of the p53 
protein in the presence of overexpressed pl4ARF, our results point to 
a novel role for pl4ARF in the translational regulation of p53. At 
equivalent doses of Adp53 and Adpl4/p53 (20 pfu/cell), conditions 
where p53 niRNA expression is the same for the two treatments, we 
observed a 2-fold higher initial protein synthesis rate tor p53 protein 
after treatment with Adp 1 4/p53. as we did after treatment with Adp53, 
based on a 1-h radioactive pulse. The effect was also observed with a 
combination of single gene vectors for p53 and pl4ARF 
(Adp53 + Adp 14) and is therefore vector independent and unrelated 
to possible effects contributed by the internal ribosomal entiy site in 
the bicistronic vector. Differences in total protein synthesis rates could 
not account for the effects on p53, because total protein synthesis 
was somewhat reduced in cells treated with Adpl4/p53 or 
Adpl4 + Adp53. The fact that treatment of cells with Adpl4 together 
with Adj3-gal, an adenoviral vector construct similar to Adp53, did 
not lead to an enhanced protein synthesis rate of the /3-galactosidase 
gene product indicates that the elTect of pMARF expression on p53 
protein synthesis rates was likely to be specific for p53. The obser- 
vation that bicistronic coexpression of pHARF and p53 was superior 
to combination treatments with single gene vectors with regard to 
growth suppression (Fig. 2C) but not overall p53 translation rates 
(Fig. \E) may be attributable to a more heterogeneous distribution of 
pl4ARF and p53 expression levels after treatment with single gene 
vectors. Although this heterogeneity could result in a similar enhance- 
ment of p53 protein synthesis averaged over the celf popukuion as a 
whole, as is obseived with bicistronic vector treatment, it could 
nevertheless leave a subset of cells with expression levels of one or 
the other gene below the threshold level needed to trigger synergisiic 
suppression of cell giwvtii and viability observed with the bicistronic 
vector, thus accounting lor the residual cell viability observed m Fig, 
2C for the cunibinLtuoii vector approach, 

Translational regulation of p53 is known to play a role in p53 
protein accumulation after DNA damage (26, 27), and its deregulation 
in some cancers may contnbute to the tumor phenotype (28). Trans- 
lational regulatory sequences in the 3' and 5' untranslated regions of 
p53 niRNA (26, 29) are absent from, the vectors we are using and 
cannot account for the effects v^^e observe. However, our results could 
be relevant to studies demonstrating an association between p53, 
mdm2, and L5 protein, a component of the large ribosomal subunit 
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(30), and to a recent study revealing a novel role for mdm2 in 
transfational regulation of p53 (3). In pariiculan nidmZ was observ^ed 
to promote the translation of p53 through binding to the Nil 3 terminus 
of the nascent polysome-associaied p53 peptide chain, in addition to 
Its role described previously in promoting the degradation of p53 of 
fuil-length p53 (3). Because pHARF binds to a site on mdm2 (31, 32) 
distinct from the site on mdm2 that binds p53 (33) and does not 
prevent binding of mdm2 to p53 (5, 33), it is possible that overex- 
pressed pl4ARF contributes to the accumulation of p53 protein by 
directing mdm2 away from active full-length protein, where it pro- 
motes degradation, to sites of p53 synthesis, where it enhances trans- 
lation. Such a model would predict that endogenous p53 protein might 
also be subject to translational regulation by pl4ARF, and additional 
studies will be needed to explore this possibility. 

The combined treatment with pl4 and p53 compared with p53 
alone resulted in increased RNA and protein expression of p53 down- 
stream target genes mdm2, p21wafl, and hax, as expected, as well as 
with rncreased apoptosis in vitro and in vivo, and an elevated ratio of 
bax;bcl2 expression associated with apoptosis. These increases are 
consistent with the increased levels of p53 protein achieved with 
Adpl4/p53, compared with Adp53, In addition to its effects on p53, 
pl4ARF may also contribute additional p53~independent tumor sup- 
pressor functions, as indicated by several recent studies (19, 34, 35). 
Although the mechanism of this additional timction has not been 
elucidated, it might involve one or tnore binding partners for pl4ARF 
other than mdm2. Several of these have been identified and include 
E2F-1 (36), topoisomerase (37), mdmx (38), and GARF 139). Thus, 
the superior tumor suppressor activity of the bicistronic vector may 
derive from both p53 -dependent and -independent activities of 
pI4ARF. 

The chamber model data suggest that coexpression of pi4ARF and 
p53 may also have greater antitumor acdvity m vivo than does p53 

alone, as manifested by increased apoptosis. Furthermore, angiogen- 
esis, which is critical for tumor growth, was reduced in chambers 
implanted with ectopic p53-cxpressing tumor cells and was not ob- 
served at all in chambers implanted with ectopic pl4ARF f p53- 
expressing tumor cells. Although a failure to observe angiogenesis 
could have been, at least in part, a consequence of reduced cell 
growth, the obsei-vations are consistent with several lines of evidence 
Imkmg p53 and pl4ARF expression to reduced angiogenesis. Ho- 
mozygous deletion of p53 in a human cancer cell line has been 
observed to promote angiogenesis and tumor growth in nude mice 
(40). Furthermore, p53 suppresses expression of vascular endothelial 
growth lector required far vascular growth (41) and induces expres- 
sion of thrombospondin, an inhibitor of vascular growth (42). p53 also 
promotes mdm2-mediated degradation of the a sub unit of hypoxia- 
inducible factor 1, which promotes angiogenesis under hypoxic con- 
ditions (40), Independently of p53, pl4ARF may also inhibit hypoxia- 
inducible factor- 1 by binding to and sequestermg it in the nucleolus 
(43). thereby providing both p53-dependent and -independent com- 
ponents to Its antiangiogenic efrecis. Because of the importance of 
angiogenesis to tumor growth, numerous antiangiofenie appro^dhes 
have been considered for cancer treatment. An antiangiogenic com- 
ponent CO tumor suppression by Adpl4/p53 would ainplity the ther* 
apeutic efficacy of the vector by creating an environment generally 
unfavorable for tumor cell proliferation. 

Therapeutic applications of the p53 tutrror suppressor are already in 
an advanced stage of L-imici! .-li'pnicnt. -.Mth numerous clinical 
trials ongoing or completed rhai attest 10 the safety and efficacy of 
adenovirus-mediated p-^ ' -cnc li.u-isfer in cancer patients (see Ref 14 
for review).. The studies reported here suggest that an extension of 
these approaches to include pl4ARF would be feasible and may be 
more effective than p53 alone. It has been reported previously that 



certain tumor cells retaining endogenous expression of wild-type p53 
but lacking pl4ARF can be efficient!) suppressed by supplying both 
p53 and pl4ARF (44). In addition, cuinfection of tumor cells with a 
pl4ARF and p53 adenovirus has been reported to have a cooperative 
etTect in suppressing tumor cell growth (45), Our present srtidy 
extends these observations and suggests that bicistronic coexpression 
of pI4ARF and p53 could be superior to single gene treatments, as 
well as combination treatments with single gene vectors, and could 
therefore have broad application to cancer treatment by ensuring 
maximal accumulation of p53 and full restoration of the p53 pathvv ay. 
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